At present, new extraction methods, as supercritical fluid extraction (SFE) or pressurized liquid extraction (PLE), have been developed to overcome the well-known drawbacks of traditional methods (as e.g., liquid-liquid extraction) such as long extraction times, laboriousness, low selectivity and/or low extraction yields. Moreover, these traditional techniques employ large amounts of toxic solvents. On the other hand, whereas supercritical fluid extraction (SFE) is already frequently used as a clean technique to obtain functional compounds from natural sources, pressurized liquid extraction (PLE) still remains under study, being one of the most promising processes. These extraction techniques provide higher selectivity, shorter extraction times and frequently do not require large amounts of toxic organic solvents [14] compared to traditional extraction processes. Extracts obtained by PLE are a mixture of several compounds; therefore, a separation-identification step has usually to be developed afterward in order to adequately characterize them [15] . Among the different analytical procedures employed to analyze these fractions, micellar electrokinetic chromatography (MEKC) and reverse-phase high-performance liquid chromatography (RP-HPLC) both coupled with diode array detection (DAD) have been mainly employed [16, 17] .
This can be explained through their compatibility with the labile nature of some extracted compounds and because these techniques provide interesting advantages such as high sensitivity and reproducibility [16] for RP-HPLC and high efficiency and short analysis times for MEKC.
Independently of their advantages and drawbacks, it is evident that HPLC or MEKC do not provide straightforwardly the required information about the biological activity of the extracts ) obtaining in that way the required information about antioxidant activity of the chromatographic bands [18, 19] . Such characteristics, together with its easy use, make this technique still widely applied [20] .
The aim of this work was to develop an easy and fast method to investigate the compounds responsible of the antioxidant activity of Spirulina platensis extracts. To do this, a complete analytical procedure is applied based on the next steps: i) pressurized liquid extraction is used to obtain fractions from Spirulina microalga; ii) TLC is used to separate and determine the antioxidant activity of the different fractions; iii) the bands with higher antioxidant activity are collected from preparative TLC plates; and iv) RP-HPLC with diode array detection is employed to provide some initial information about the purity and nature of such collected bands. To our knowledge, this is the first time that such a complete procedure is applied to obtain and study fractions from natural origin. 
Pressurized Liquid Extraction (PLE)
Extractions of Spirulina platensis were performed using an Accelerated Solvent Extractor (ASE 200, Dionex, Sunnyvale, CA, USA), equipped with a solvent controller. Three different solvents (i.e. hexane, petroleum ether and ethanol) were used to achieve extracts with different composition from a natural matrix. Moreover, extractions were performed at three different extraction temperatures (60ºC, 115ºC and 170ºC) and extraction times (3, 9 and 15 minutes). Previously, an extraction cell heat-up was carried out for a given time, which changed according to extraction temperature. All extractions were performed in 11 ml extraction cells, containing 2.5 g of sample.
Extraction method was performed according to the procedure described by Herrero et al. [15] .
The extracts were covered with aluminum foil and stored at -18ºC until dried. Solvents were removed under a stream of nitrogen gas. Afterwards, dry extracts were dissolved using the 21 same solvent as used during extraction at 30 mg/ml concentration. In the same way, the solutions were stored at -18ºC and protected from light with aluminum foil.
TLC
Analytical-TLC was carried out in TLC plates (10 cm × 20 cm) cut from the commercially available sheets. 12 µl of 30 mg/ml extract solution were applied to 1 cm of the base of the silica gel layer and allowed to dry for a few minutes. Afterwards, the plate was eluted in a closed chamber with petroleum ether/acetone (75/25) as mobile phase (eluent 1). The staining of the silica layers with DPPH
• radical was based on the procedure of Soler-Rivas et al. [19] with some modifications. The developed plate was placed upside down for 10 s in a 0.5 mM
DPPH
• solution in methanol. After this time, the excess of solution was removed with a tissue paper and the layer was dried with a hair-dryer under cold air.
Preparative-TLC analysis was performed as follows: 300 µl of Spirulina platensis extract was carefully placed on the baseline of 20 × 20 cm TLC layer. Two different mobile phases were use in order to obtain a better separation of the bands according to their polarity: the first one corresponded to the same mobile phase as in the analytical-TLC (eluent 1) while the other consists of a mixture of toluene/ethyl acetate/formic acid (50/40/10) (eluent 2). In each experiment, two plates were used in parallel. One of the plates was stained with 0.5 mM DPPH • solution as described above, and those bands that showed antioxidant activity were scraped off from the second plate, eluted from the silica with either hexane (in the case of non-polar carotenoids) or acetone or ethanol (if the polarity was medium) and filtered to remove the silica. 21 
HPLC-DAD analysis
The scraped bands were analyzed by HPLC using a Hewlett-Packard HP 1090 Liquid Chromatograph equipped with a DAD. HPLC method has been published elsewhere [17] . The separation was carried out in a Novapack C 18 column 150×3.9 mm, 4 Rm particle size from Waters. The mobile phase was a mixture of solvent A (Methanol:Ammonium acetate 0.1 N; 7:3 ) and solvent B (Methanol) at 0.9 mL/min according to a step gradient, lasting 35 min, which start from 25% B, changing at 50% in one minute, rising up to 100% B at minute 10, then the mobile phase composition was kept constant until the end of the analysis, total acquisition time 35 min. Injection volume was 20 µl. The identification of the peaks was performed, when possible, using standards. When no standards were available, tentative identification was done based on UV-vis spectra characteristics and comparing with data appearing in the literature.
Antioxidant activity determination (in vitro assay)
Antioxidant activity was measured in all the extracts using a method based on a procedure described by Brand-Williams et al. [21] and modified by Herrero et al. [15] . Briefly, a solution was prepared dissolving 23.5 mg of DPPH in 100 mL methanol and stored at 4 °C.
This stock solution was diluted 1:10 on methanol. Different concentrations of the extract solutions were prepared. Then 0.1 mL of these solutions were added to 1.9 mL diluted DPPH • solution to complete the final reaction medium (2 mL). The reaction was completed after 4 h at room temperature, and the absorbance was measured at 516 nm in a UV-Vis 6305 spectrophotometer from Jenway (Essex, England). Methanol was used to adjust the zero. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Measurements have been done by duplicate.
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PLE extracts from Spirulina platensis
A screening of different PLE conditions (solvent, extraction time and extraction temperature) was carried out in order to obtain different composition extracts from Spirulina platensis (see Table 1 ). The choice of the solvent is based on their different polarity (dielectric constants equal to 1.9 for hexane, 4.3 for petroleum ether and 24.3 for ethanol) and therefore, on their different ability to isolate various groups of compounds that can be responsible of the antioxidant activity of the extracts. Several extraction temperatures (60, 115 and 170°C; considering always that enough pressure is held to keep the solvents in a liquid state) and times (3, 9 and 15 min at medium temperature, that is, 115°C) were tested to study the effect of both factors in the extraction yield (that is, extraction efficiency) and in the degradation of the extracted compounds. Conditions tested were selected also based on previous results obtained in our laboratory [15] . As can be seen, the extraction yield increases by increasing the polarity of the solvent being maximum when working with ethanol (reaching up to 20%, given as dry weight); also, the higher the extraction time and temperature, the higher the extraction yield although the effect of the extraction time is almost negligible (at the evaluated conditions), as we have reported in a previous work where exhaustive optimization of PLE conditions were presented and discussed [22] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r R e v i e w O n l y
Analysis by TLC
The analytical-TLC of microalgae extracts shows different bands as can be seen in Figure 1 a. (description of the bands as in Table 1 ). The main pigments in Spirulina platensis microalga have been described [23, 24] as chlorophyll a and different carotenoids such as -carotene, -cryptoxanthin, zeaxanthin, echinenone, oscillaxanthin and myxoxanthophyll. Thus, the orange, yellow and green bands in analytical-TLC of Figure 1 probably would correspond to some of these pigments. Analytical-TLC showed a strong orange band at R f = 0.94, and an intense orange-yellowish band at R f = 0.15. A yellow band (R f = 0.91), probably an isomer of -carotene, and more pale orange or orange-yellowish bands (R f = 0.84, 0.72 and 0.27) were also found. Several authors have reported R f values of different carotenoid compounds, using similar eluents, that seem to agree with our results [25, 26] . In these studies, -andcarotene bands were always found at the top of the TLC, lutein/zeaxanthin (that elute with the same R f ) showed R f values close to 0.2, whereas cryptoxanthin, asthaxanthin and other xanthophylls presented variable middle R f values depending on their esterification [25, 26] . In this way, -carotene and lutein standards showed R f = 0.94 and 0.15, respectively; thus, as zeaxanthin instead lutein has been described in Spirulina platensis microalgae, -carotene and zeaxanthin are probably the pigments found in the PLE extracts. Furthermore, green wide bands were found close to the baseline.
The TLC results also showed differences in the extracts composition regarding to the extraction conditions. Hexane and petroleum ether extracts showed similar composition, a higher amount of carotenoids together with lower chlorophyll content, opposite to ethanol extracts behavior. Hexane and petroleum ether extracts showed two intense orange bands at Rf = 0.94 and 0.15 together with other orange-yellowish bands, whereas ethanol extracts showed slight orange bands at Rf = 0.94, 0.27 and 0.15 and a deeper green band.
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Moreover, ethanol has a great advantage, compared to hexane and petroleum ether, since it is considered a GRAS solvent and therefore can be used as a safe solvent for the food industry.
In addition, yields obtained with ethanol are the highest (as discussed above, see Table 1) providing a good efficiency of the extraction process and increasing the viability of the process at industrial scale.
Thus, the microalga extract obtained at 115ºC and 15 minutes using ethanol as solvent was selected for preparative-TLC in order to further characterize the antioxidant compounds of Spirulina platensis extracts. Furthermore, as mentioned above, in order to identify the more polar compounds (that seem responsible for the antioxidant activity of the ethanolic extracts), 2 different phases with complementary polarities have been used as eluents (eluent 1 and 2). These bands, namely 1.1 to 1.5 for eluent 1 ( Figure 2 ) and 2.1 to 2.3 for eluent 2 ( Figure 3) were recovered for their subsequent analysis by RP-HPLC-DAD. The bands were scraped off, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r R e v i e w O n l y eluted from the silica with either hexane, acetone or ethanol (depending on their polarity) and filtered to remove the silica.
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Analysis by HPLC-DAD
Ethanolic extract obtained at optimal conditions (115°C and 15 min) was also analyzed by HPLC-DAD to obtain a chromatographic profile of the compounds that are present in the whole extracts (Figure 4 ). Only few of these compounds have antioxidant capacity and therefore preparative-TLC was used to isolate those bands able to react with the free radical based on their retention time and UV-Vis spectra by comparison with standards, when available, or with data appearing in the literature and previous work done in our laboratory [17] . Figure 7 shows the UV-vis spectra of the compounds that have been detected in the Spirulina extracts. isolated using eluent 1, which, as mentioned, has a lower polarity than eluent 2. As can be seen, different carotenoids are isolated with good selectivity in the different bands. For instance, Figure 5 .a shows, as expected, the separation of L-carotene that eluted in the TLC with a Rf equal to 0.94; in this fraction other carotenoids (not identified) are separated along with L-carotene that corresponded to those eluting close to this compound in the TLC, even though no complete identification of these peaks is possible, it is likely to assume that these compounds have a molecular structure very similar to that of L-carotene. show the isolation of zeaxanthin and a polar carotenoid not identified, respectively. The nonidentified polar carotenoid seems to have an structure derived from myxoxanthophyll with UV maxima at 450, 480 and 510 nm [28] . These carotenoids seem to contribute to the total Page 14 of 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Bands corresponding to the fractions 2.1 through 2.3 (eluent 2) were analyzed by HPLC-DAD and the corresponding chromatograms are shown in Figure 6 .a, b and c. It is interesting to notice that the eluent 2 has a higher polarity thus allowing a better separation and fractionation of band 1.5 (that remained close to the origin using eluent 1). As can be seen, chromatograms of the three major bands with antioxidant capacity scraped off after TLC with eluent 2 show the separation and isolation of zeaxanthin ( Figure 6 .a), non-identified polar carotenoid, probably an structure derived from myxoxanthophyll ( Figure 6 .b) and phenolic compounds ( Figure 6 .c) whose chromatogram is shown at 280 nm that is the maximum wavelength for such family of compounds. This fact confirms the presence of very polar phenolic compounds (whose UV-Vis spectra are consistent with those of C 6 -C 1 or C 6 phenolic skeletons [29] ). These compounds appear as a coloured blue band of Rf equal to 0.15. Further studies are conducted to obtain an unequivocal identification of the phenolic compounds found in the ethanolic extracts of Spirulina. This is of great importance considering that little is known about the presence of such compounds in Spirulina.
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is anticipated that this procedure will be applied to study other natural sources of functional ingredients with antioxidant activity. 21 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y F  o  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r R e v i e w O n l y Table 1 . PLE conditions (solvent, extraction time and extraction temperature) of Spirulina platensis microalga; extraction yields (%) and antioxidant activities (Rg/mL). Some of the data has been taken from reference [22] . Row number corresponds to their position in the analytical-TLC (Figure 1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Page 23 of 28
Wiley-VCH Page 25 of 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Page 27 of 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Wiley-VCH
Journal of Separation Science
Wiley-VCH
Journal of Separation Science
